Abstract-Electrical and chemical stimulation have been studied as potent mechanisms of enhancing nerve regeneration and wound healing. However, it remains unclear how electrical stimuli affect nerve growth, particularly in the presence of neurotrophic factors. The objective of this study was to explore (1) the effect of brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) supplementation to support neurite outgrowth in a 3D scaffold, and (2) the effect of brief, low voltage, electrical stimulation (ES) on neurite outgrowth prior to neurotrophin supplementation. Dissociated E11 chick dorsal root ganglia (DRG) were seeded within a 1.5 mg/mL type-I collagen scaffold. For neurotrophin treatments, scaffolds were incubated for 24 h in culture media containing NGF (10 ng/mL) or BDNF (200 ng/mL), or both. For ES groups, scaffolds containing neurons were stimulated for 10 min at 8-10 V/m DC, then incubated for 24 h with neurotrophin. Fixed and labeled neurons were imaged to measure neurite growth and directionality. BDNF supplementation was not as effective as NGF at supporting DRG neurite outgrowth. ES prior to NGF supplementation improved DRG neurite outgrowth compared to NGF alone. This combination of brief ES with NGF treatment was the most effective treatment compared to NGF or BDNF alone. Brief ES had no impact on neurite directionality in the 3D scaffolds. These results demonstrate that ES improves neurite outgrowth in the presence of neurotrophins, and could provide a potential therapeutic approach to improve nerve regeneration when coupled with neurotrophin treatment.
INTRODUCTION
Tissue engineering is a rapidly growing field that seeks to utilize principles of human development and wound healing to create strategies for repair of damaged tissue function. Many strategies include growth factors to provide signals for cells to function, i.e., to proliferate, migrate, or differentiate. Nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophins (NT-3 or NT-4) are four of the growth factors that provide instructive signals by binding with cells via tropomyosin-receptor-kinase (Trk) receptors. There are three receptors: TrkA receptors activated by NGF and NT-3, TrkB receptors activated by BDNF and NT-4, as well as NT-3, but with less affinity, and TrkC receptors activated by NT-3 (for review, see Skaper 34 ) . A promiscuous, lowaffinity receptor, p75NTR, has been shown to support and supplement high-affinity Trk receptor binding of growth factors, but has also been shown to activate growth inhibition and death pathways when exposed to high levels of neurotrophins. 8, 35, 38 Therefore, these specific growth factor cues are considered critical in many tissue-engineering strategies and are utilized in scaffolds developed for nerve regeneration. 4, 14, 15, 17, 20 While it is generally agreed that appropriate growth factor supplementation enhances nerve regeneration, the influence of electrical stimulation (ES) on nerve growth is less understood. The relative impact of ES in previous studies depends upon the stimulation protocol, as increased survival and axonal growth has been found to be dependent upon the ES parameters applied. ES has been applied for a range of time, hours to weeks, with alternating current that varied from 0.2 to 3.0 V or 100-500 lA, a range of frequencies (10-300 Hz pulses using both monophasic and biphasic waveforms), and pulses or trains with varying durations. 10 One laboratory has shown that low frequency (20 Hz) pulsed ES (1 h to weeks) improved regeneration of peripheral sensory axons in vivo. 16 Direct current (DC) ES at 25 V/m for 10 min duration increased dorsal root ganglia (DRG) neurite outgrowth on 2D collagen and laminin surfaces in vitro. 42, 43 Furthermore, environmental changes such as media composition, levels of Ca 2+ , temperature, and stimulation duration (10 vs. 100 min) had minimal impact on the neurite outgrowth results, where the application of ES resulted in a 40% increase in neurite length compared to non-stimulated controls. 43 These results after short (10 min) duration DC ES gave similar neurite length improvement as previously studied longer duration DC or pulsed ES (1 h to 2 weeks). 18, 22, 25 Therefore, in this in vitro study, we chose to use the same short duration, low voltage ES as reported by Wood, 2006. 42 The mechanism of ES on growth enhancement of neurons has not been clearly elucidated, although it has been proposed that its action may be through Trk receptors. ES caused an upregulation of intrinsic neuronal growth factor and their membrane surface receptors. 1, 32 Specifically, ES for 1 h at 20 Hz caused an upregulation of BDNF and TrkB receptor expression in rat motor neurons, and an increase in expression of BDNF in rat sensory neurons in vivo. 1, 16, 40 From these previous studies, we hypothesized that a 10 min ES protocol would similarly upregulate TrkB receptor expression. NGF, however, is the typical growth factor supplemented in vitro. 25, 36 Therefore, in this study we sought to explore the relationships between neurite outgrowth, BDNF (TrkB), NGF (TrkA), and ES isolated in a three-dimensional environment.
To accomplish this, embryonic chick DRG were used as a primary cell model for neuronal growth, and were cultured with and without NGF, BDNF, or NGF + BDNF in a 3D collagen gel. ES was applied for 10 min at 25 V/m. After 24 h, the length and directionality of the neurites were measured. Here, we show that ES augmented the response of NGF or BDNF alone, but not when NGF and BNDF were combined. Overall, these results show that short duration ES enhances neuronal growth in 3D scaffolds.
MATERIALS AND METHODS

Materials
Phosphate buffered saline, sodium hydroxide, sodium bicarbonate, bovine serum albumin, F12 Ham's media, and Hanks' Balanced Salt Solution Modified were purchased from Sigma-Aldrich (St. Louis, MO). Collagen Type I rat tail and mouse 2.5S NGF were purchased from BD Bioscience. Neurobasal Media, penicillin/streptomycin/L-glutamine, B27 supplement, and trypsin-EDTA were all purchased from Gibco/Life Technologies. Paraformaldehyde and Triton X-100 were purchased from Fisher Scientific. HEPES was purchased from Roche. Fetal bovine serum was purchased from Thermo Scientific/Hyclone. Fertilized white leghorn Specific Pathogen Free (SPF) eggs were purchased from Sunrise Farms. The mouse anti-chick neurofilament monoclonal antibody was obtained from Developmental Studies Hybridoma Bank. Anti-mouse AlexaFluor secondary antibody was purchased from Life Technologies/Molecular Probes. Vectashield Mounting Medium was purchased from Vector Laboratories. Experimental dishes were prepared from 35 mm tissue culture dishes with round holes drilled through the bottom of the plastic. Glass coverslips were sealed underneath the dish with a silicone sealant, and sterilized with 70% ethanol.
Neuron Isolation
DRG were extracted from E11 chick (which prior to E16 are not considered animals and do not fall under animal regulation) and dissociated in 19 trypsin-EDTA (Gibco/Life Technologies) for 30 min. Trypsin dissociation was terminated by addition of fetal bovine serum. Dissociated cells were resuspended in B27/penicillin/streptomycin/L-glutamine supplemented neurobasal media prior to suspending them in the collagen gel solution. In separate experiments, it was determined that~28% of the total live cells after this isolation were neurons.
Collagen Gel Fabrication
Collagen gels were fabricated at physiological pH using a standard protocol. 30 The following components were mixed in order, on ice: sodium bicarbonate (0.5 mg/mL in gel), sterile water, NaOH (0.1 M), collagen (1.5 mg/mL rat tail type I in 0.02 M acetic acid), 109 F12K media, and HEPES (10 mM in gel). Cells were added as the final component of the suspension prior to gelation. Gel solutions (18 lL) were added to the imaging well seeded with cells at 5 9 10 5 cells/mL, gelled at 37°C within 15 min, and had a pH range of 7.2-7.6. For gels that were not electrically stimulated, the gels were cultured immediately in supplemented neurobasal media and growth factor for 24 h prior to fixing for experimentation. 5, 26 Growth factor conditions were as follows: NGF only (10 ng/mL); BDNF only (200 ng/mL); or NGF (10 ng/mL) and BDNF (200 ng/mL).
Electrical Stimulation (ES)
Immediately after gelling, a dish was placed in an ES chamber and gels were submerged in HBSS as the electrical conducting media. The imaging dish was made by drilling a small hole through the bottom of the dish, and attaching a coverslip to the underneath surface with 100% silicone sealant. Collagen gel solution (1.5 mg/ mL) seeded with dissociated DRG neurons was added to the ''well'' of the culture dish formed from the hole and glass coverslip. The collagen gel was allowed to set before placing a stimulation chamber within the circumference of the culture dish (Fig. 1) . The stimulation chamber was a molded PDMS rectangle with platinum plates lining opposite sides. The culture dish was stimulated for 10 min with a low voltage electrical field set to 24 V/m (0.324 lA). A schematic of the circuit for ES and the orientation of the dish is shown in Fig. 1a (topview) . The circuit (shown in Fig. 1a) was turned on and a voltmeter was used to establish that 24 V/m was applied across the two platinum conducting plates for the duration of the ES. A current of 0.324 lA was calculated between the conducting plates based on a measured resistance of~1 kX although there could be a change of resistance at the platinum-solution interface that would effectively change the current through the media. ES was performed for 10 min, and pH of the HBSS solution was measured in preliminary experiments before and after ES to confirm that no pH changes occurred in the conducting solution. Immediately following ES or sham ES, HBSS was removed and replaced with B27-supplemented neurobasal media that contained either no neurotrophins (null), NGF or BDNF alone, or both neurotrophins at the concentrations described in ''Collagen Gel Fabrication'' section.
Scanning Electron Microscopy (SEM) of Gel Scaffolds
To perform SEM, the gels were formed as described in ''Collagen Gel Fabrication'' section except the cell suspension was not added. Gels were either fixed immediately without exposure to ES, or electrically stimulated as described in ''Collagen Gel Fabrication'' section and then fixed with 2% glutaraldehyde for 1 h and washed 39 in PBS. Samples were prepared as described previously by ethanol gradient dehydration, critically point dried (using CO 2 as the exchange medium), and sputter coated with Au/Pd before imaging with a scanning electron microscope. 23 
Confocal Microscopy Imaging
After 24 h of incubation, scaffolds with neurons were fixed with 2% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked with 2 mg/mL bovine serum albumin. Primary antibody against chick neurofilament (1:200) was incubated overnight at 4°C while rocking. Scaffolds were washed and incubated with a secondary AlexaFluor-conjugated antibody (1:200) for 4 h, and stored with Vectashield Mounting Medium that contained the nuclei stain, DAPI, at a dilution of 1:1000. Gels were stored at 4°C for no longer than 4 days until imaging. Confocal images were acquired using a confocal microscope (Olympus FluoView 1000) with a 49 zoom on a 209 lens (NA 1.42) to detect the fluorescently labeled neurons. Z-series of images were acquired for each gel by imaging from the glass coverslip surface through the gel until visual clarity was lost (about 530 lm above the coverslip). Each z-series was comprised of approximately 250 images taken in 2.17 lm increments, the optimal increment in confocal imaging for 3D reconstruction. Image dimensions of 630 lm 9 630 lm were acquired at 1024 x 1024 pixels.
Neurite Extension
Images were analyzed using FIJI 33 Simple Neurite Tracer (a plugin for FIJI, 24 ) to reconstruct the z-series into 3-dimensional stacks of images with neurons and their extending neurites. Starting in the center of the image, every cell body was labeled working from the center to the edge until 10 neurons with neurites at least 2 times longer than the neuron soma diameter were acquired for that gel. 41 Typically, the soma of the neurons were~10 lm in diameter. No neuron was counted that was situated within 100 lm of the edge of the stacked image. The longest length neurite was traced and measured for each of the individual neurons. If a neurite left the image or touched the coverslip, it was not used in analysis. The neurite lengths were calculated in Simple Neurite Tracer from the scaling factor acquired when imported from the stacked confocal images. To evaluate whether growth conditions failed to support neurite extension, neurons with neurites less than 2 times the neuron soma diameter were also counted, but were considered not to produce useable neurites. Statistics were performed in OriginPro8 (OriginLab) or MAT-LAB (Mathworks). All data for each of the ES and growth conditions were nonparametric. The KruskalWallis statistical test was used to determine whether ES and growth factors significantly affected neurite length, and was significant to p < 1 9 10 26 . To determine whether individual conditions were statistically significant, individual data sets were compared as shown in Fig. 3 with a post hoc Mann-Whitney test. 37, 41 Finite Element Modeling
The ES chamber was designed to produce a uniform field between the two parallel platinum electrodes of 24 V/m. To accomplish this, we placed platinum electrodes 1.4 cm apart, represented in Fig. 1a . A circuit was built with a 5 V power supply that provided a constant 0.327 V potential between the platinum plates. This provided a theoretical electrical field between the plates of 23.4 V/m. However, due to the geometry of the well, and because the well was filled with collagen that has a reduced conductivity compared to a saline solution, the electric field was reduced in the well.
A finite element analysis (FEA) of the ES chamber was performed using MATLAB and the 2-dimensional simulation with Partial Differential Equation Toolbox 1.2 (MathWorks, Inc.). The FEA modeled the electrical field in the imaging well where neurons were suspended in a collagen scaffold. For the coordinates of the chamber, the X dimension describes the distance between the plates, and the Z dimension describes the depth of the chamber. Because the FEA is for 2 dimensional simulations only, the electric field was modeled from a side view, looking at an X-Z crosssection through the center of the well.
The 2D geometry of the conducting solution measured in the chamber is shown in Fig. 1b . The chamber was modeled with the following boundaries: air on top, polydimethylsiloxane (PDMS) on the sides, polystyrene on the bottom of the chamber and sides of the well, and glass at the bottom of the well. All of these boundaries were set to have zero current conductance (using Neumann boundary conditions @V=@n ¼ 0; where n denotes the vector normal to the boundary), and the two plates (left and right) were set to have voltages of 0.327 V and 0 V, respectively (using Dirichlet boundary conditions V = 0.327 and V =0 respectively). The conductance of the PBS buffer solution filling the chamber was set to the value for PBS, 1.4 S/m as stated in the technical specifications for PBS from Fisher Scientific (Catalog #BP399). The conductivity of a collagen hydrogel was reported to be 86% that of the solution that fills it, 6 so we assumed a value of 1.2 S/m for the collagen type I gel. The gel-PBS boundary was assumed to be straight and continuous with the bottom of the chamber at~2.7 mm. The mesh was generated by MATLAB refined to a total of 113,025 triangles. The initial voltage and current within the solution was set to 0, and the long-term stationary voltages and currents within the solution were solved for the elliptical Laplace equation Àr Á rrV ð Þ¼0; where r denotes the conductivity of the media. The FEA solution is shown in Fig. 1b .
Neurite Directionality Calculation
To determine if ES or either of the neurotrophins had an effect on directional growth of neurites, each 3D image, spanning 630 lm 9 630 lm and roughly 550 lm deep was analyzed for directionality. The direction of each neurite was quantified by the vector measured for each neurite from the neurite origin at the neuron body to the end point at the tip of the longest neurite. Because the direction of the electrical field was not recorded during confocal imaging, the directionality of neurite growth was measured in relation to the other neurites within the image and not with respect to an external electrical field. Orientation of neurites was measured as the proportion of all neurite growth in the direction of the principal component axis of an image. The principle component of the neurite vectors was calculated using the built-in principle component analysis function in MATLAB (pca(X)). In order to compare the direction of neurite growth between multiple neurons within an image, at least three neurons with slightly longer neurites (an arbitrarily chosen threshold of at least 40 lm was used) needed to be present. Of the total 71 images acquired, 37 images met this criteria. The directionality in each of these images was deemed significant if the proportion of the neurite growth in the direction of the principle axis was less than 5% likely to happen by chance.
RESULTS
Finite Element Model of ES
The electrical field was modeled with an FEA to determine the electrical field through the collagen gel where the cells were situated (Fig. 1a) . This FEA provided a simulation of a 2D cross section of the stimulating electrical chamber and imaging well (Fig. 1b) . The FEA was simulated for the measured dimensions of the stimulation chamber, distance between platinum plates (1.4 cm), and voltage drop across the platinum plates (0.327 V). These results show that a relatively constant electrical field was established in the dish across the platinum plates, ranging from 22 to 24 V/m. However, within the imaging depth (below the dotted line in Fig. 1b) , the voltage field was closer to 8-10 V/m. Therefore, the FEA indicated that the voltage field applied to the neurons within the collagen gel was less than that measured between the platinum plates, but still within physiological electrical field ranges. 29 
ES and Neurotrophins Improve Neurite Growth from Neurons in 3D Scaffolds
Neurons were exposed to growth conditions with NGF, BDNF, or both growth factors for 24 h after scaffolds were formed. Separately, scaffolds imbedded with neurons were exposed to either ES or sham ES (electrical chamber placed in dish, but no ES applied) for 10 min, and then incubated for 24 h in NGF, BDNF, or both growth factors. Sham controls for ES showed no differences than the conditions without any ES chamber. Images of the neurons are shown for each of the 8 conditions measured for ES and neurotrophins (Fig. 2) ; each image is the third-quartile neurite measured in length. For example, for the ES + NGF conditions (N = 117 neurons), the 88th longest neurite image is shown in Fig. 2 .
As expected, neurons had significantly longer neurite extensions when grown in NGF than neurons grown in conditions without NGF, either with or without ES (Fig. 3a) . The mean neurite length for NGF (121.3 lm ± 10.0 lm) was significantly increased compared to the neurite length grown in the absence of any growth factor, called the null condition (52.2 lm ± 6.5 lm; p < 0.01). Similarly, the average neurite length for neurons grown in NGF and BDNF (137.7 lm ± 9.9 lm) was significantly longer compared to neurite length of neurons grown in BDNF alone (65.1 lm ± 6.0 lm; p < 0.01). In conditions with ES, NGF improved neurite length either in the presence of BDNF (131.7 lm ± 9.7 lm) or the absence of BDNF (159.6 lm ± 11.0 lm) compared to neurite lengths with only BDNF + ES (99.1 lm ± 12.1 lm) or ES alone (57.7 lm ± 5.5 lm).
Without NGF, BDNF significantly improved average neurite length (65.1 lm ± 6.0 lm) compared to neurite length measured without any growth factor (52.2 lm ± 6.5 lm; p < 0.05) (Fig. 3b) . When ES was applied in combination with BDNF, neurite length (99.1 lm ± 12.1 lm) was significantly increased over that with ES alone (57.7 lm ± 5.5 lm; p < 0.01). However, for conditions with NGF and ES, neurite length (159.6 lm ± 11.0 lm) was significantly decreased with the addition of BDNF (131.7 lm ± 9.7 lm; p < 0.05) (Fig. 3b) .
ES improved neurite length only when combined with single neurotrophin treatment (Fig. 3c) . Neurite lengths were significantly greater with ES and NGF (159.6 lm ± 11.0 lm) than with NGF alone (120.1 lm ± 11.4 lm; p < 0.01); and neurite lengths were greater with ES and BDNF (99.1 lm ± 12.1 lm) than with BDNF alone (65.1 lm ± 6.0 lm) though the increase was not significant (p = 0.08). In contrast, neurite length was not significantly changed when ES was applied with both NGF and BDNF (Fig. 3c) . Together, these data indicate that BDNF mitigates the enhancement effects of NGF.
ES alone (57.7 lm ± 5.5 lm) did not improve neurite outgrowth compared to the null condition (52.2 lm ± 6.5 lm) (Fig. 3c) . To determine that the ES chamber itself did not pose any deleterious effects on neurite growth, sham ES was performed and compared to neurite length with NGF alone and with NGF + ES. Sham ES (120.1 lm ± 11.4 lm) showed no differences in neurite length compared to NGF alone (121.3 lm ± 10.0 lm, Fig. 3d) , and the NGF + ES condition (159.6 lm ± 11.0 lm) was significantly greater than either NGF alone or NGF + sham ES (p < 0.01). These data show that the effects of the ES conditions are due to the electrical current, not the electrical chamber components or the 10 min that the neurons remained outside of the incubator while being stimulated.
To further investigate the impact of ES on neurogenesis, the percentage of neurons labeled with neurofilament that produced neurites longer than twice the neuron soma diameter (Table 1) relative to all labeled neurons were calculated. Mean values from Table 1 (and standard error of the mean) were plotted to show that this percentage of neurons exhibited a strong positive correlation (R 2 = 0.76) with neurite length for all conditions (Fig. 4a) . However, the neurite length data are right skewed, and therefore nonparametric, as shown by the cumulative distribution plot (Fig. 4b) . For conditions without NGF (null, ES alone, and BDNF alone), the median neurite length is less thañ 40 lm. Combining BDNF + ES caused a noticeable increase in neurite length. Specifically, the third quartile neurites increased from~70 lm in null, ES, and BDNF to~130 lm for ES + BDNF. All conditions with NGF (NGF alone, NGF + BDNF, NGF + ES, and NGF + BDNF + ES) had longer neurites than Table 1 is graphically shown from three perspectives: with and without NGF (a), with and without BDNF (b), and with and without ES (c). Mann-Whitney post hoc significance test gave increased neurite length (*p < 0.05 and **p < 0.01), and decreased length ( + p < 0.05). (d) ES chamber without electrical current (sham + NGF) had no significant difference than NGF alone, and ES + NGF exhibited significantly longer neurites than both NGF alone and sham + NGF (**p < 0.01).
all conditions without NGF, compared at the first quartile, the median, and the third quartile neurite lengths. NGF + ES had the fewest, short neurites. Specifically, the first quartile neurite length was 70 lm for NGF + ES compared to the next longest first quartile length of~45 lm for NGF + BDNF. Together, these results show that brief, low voltage ES enhances neurite growth when used in combination with neurotrophins.
Impact of ES on Neurite Directionality
Neurons significantly orient in the same direction as other neurons within the imaging area regardless of ES or growth conditions (Fig. 5a ). Of the 37 images analyzed, 19 of the images had ES and 18 images did not have ES. 32% of images of neurons with ES showed significant directionality, and 33% of images without ES showed significant directionality (Fig. 5a ). Therefore, ES did not increase the directionality of neurites. None of the specific growth enhancements (NGF, BDNF or ES) caused a significant increase in the percent of images showing directionality compared to the percent of images showing directionality for all images analyzed (Fig. 5a ).
Impact of ES on Collagen Scaffold
To determine whether the collagen fibers could contribute to neurons growing in an oriented manner, we considered whether collagen fibers become oriented after gelation either with or without ES. Scanning electron microscopy (SEM) was performed to consider whether ES affected alignment and/or change of orientation of the collagen fibers. From SEM images shown in Fig. 5b , there is no apparent alignment or orientation of the collagen gels with or without ES.
DISCUSSION
ES for nerve regeneration has been widely studied with varied results. Typically, ES has enhanced nerve regeneration, both in vivo and in vitro. 28 The literature has indicated that growth factor receptors may be a potential mechanism for ES enhancement of neurite outgrowth. 1, 7 However, data to support this hypothesis has been limited. The goal of this study was to examine the interplay of ES and growth factors in 3D scaffolds to more closely mimic that of the endogenous extracellular environment. First, we demonstrated that in 3D collagen gels, ES alone did not significantly increase neurite length in conditions where neurotrophins were not exogenously added (Fig. 3c) . This finding is relatively difficult to compare, as most studies on ES have been conducted on 2D surfaces in vitro, where any autocrine and paracrine signaling molecules, such as growth factors, are not diffusion-limited. For example, previous work has demonstrated equivalent growth enhancement of dissociated chick DRG either with or without growth factors present on 2D collagen substrates. 43 However, support cells, including fibroblasts and Schwann cells, were present within~100 lm of the neurons, and able to supply neurons with growth factors. 43 In our study, ES did not improve neurite growth without the addition of exogenous growth factors, yet it did increase the percentage of neurons producing neurites (Fig. 4a) .
Growth factor supplementation increased the length of neurites over that measured with no supplementation and without ES. The neurite lengths with NGF (no ES) in 3D collagen gels were similar to previous studies of dissociated DRG in collagen gels. 5, 37, 41 The BDNF condition alone (13 lm increase) had significantly shorter neurites than NGF alone (68 lm increase; see Figs. 3a and 3b) . BDNF + NGF (85 lm increase) was increased over either BDNF or NGF alone, indicating that the effects of both growth factors are additive. Chick DRG have previously been noted to be more responsive to NGF than BDNF, requiring 1.25 and >100 ng/mL, respectively, to have similar neurite outgrowth. 11 In addition, neurite outgrowth from whole chick DRG was approximately 50% reduced with BDNF compared to NGF. 21 Therefore, our results agree with the previous reports of reduced growth with BDNF compared to NGF. Similarly to what was found here, the addition of BDNF did not reduce viability of DRG neurons when cultured in optimal NGF conditions (>10 ng/mL), 3 but NGF was found to support neuron survival more than BDNF. 21 Thus, our results without ES are in general agreement with previous findings.
Our ES protocol (10 min) did not alter the 3D collagen (1.5 mg/mL) environment, having no effect on the collagen structure (Fig. 5b) . Previous research has shown that diluted collagen fibers organized orthogonally to the field after long duration stimulation of 24 h. 27 The application of electric (2.5 kV/m) 9 or magnetic fields (~10 T) during gelation 12, 39 have also been found to induce organization. Therefore, we suspect that the duration was not long enough, nor the intensity high enough in our study to induce reorganization of the collagen fibrils, or that reorganization of fibrils requires sufficiently diluted gels (<0.25 mg/ mL 27 ). Work to study these two options is underway. The significant directionality in 32% of the confocal images analyzed for directionality (Fig. 5A ) was seen regardless of whether ES treatment was applied, further suggesting that our applied ES did not cause a reorganization of collagen, and did not affect the direction of neurite growth. The 32% directionality seen in the images analyzed may be due to subtle anisotropic organization of the collagen fibers due to the flow of the collagen mixture prior to scaffold formation. Collagen gels formed on a slanted surface were found to align in the direction of drainage. 13 In our experiments, the mixing, pipetting, and filling of wells with collagen may cause an alignment in some areas of the well, causing directionality of neurites growing in these areas.
Low voltage DC stimulation combined with NGF performed as the optimal condition tested for neurite growth and neurogenesis (Fig. 4a) . ES increased mean length by 33%. The increase in mean neurite length from ES + NGF is caused primarily by an increase in length of the shortest neurites, and not by an increase in length of the longest neurites. Specifically, in Fig. 4b the neurites in the fourth quartile treated with NGF alone or with ES + NGF have a similar length. The shorter 50% of neurites in the ES + NGF condition are longer than those of all other conditions. The effect of ES to improve the growth rate of slower growing neurites without increasing the growth rate of the fastest neurites has also been shown using motorneurons in vivo. 2 Brief ES increased growth significantly for NGF or BDNF alone, but not when NGF and BDNF were combined (Fig. 3c) ; the reasons for this result are not understood but suggest an interesting interaction of neurotrophins and receptor signaling mechanisms. When electrical fields that are large enough to cause propagated depolarization, estimated to be roughly 1000 V/m, 31 are applied to axons, the mechanism of ES appears to occur by conduction of a retrograde action potential to the neuronal body, where the signal may be propagated by opening voltage-dependent calcium channels. 1 In the experiments reported here, a voltage field of 8-10 V/m was used, which is two orders of magnitude below the propagated depolarization threshold, therefore, this mechanism is unlikely. ES has been demonstrated to cause depolarization on the cathodic cell membrane and hyperpolarization on the anodic cell membrane that is proportional to the magnitude of the electrical field (for review see Gross et al. 19 ). The depolarization and hyperpolarization of different areas of the membrane may physically alter transmembrane receptors or receptor interactions in those regions of the membrane. For example, the number of receptors may increase or decrease in response to the polarization, or the affinity of growth factor Trk receptors may be altered by the polarization. Another possibility is that the open probability of voltage-dependent ion channels is changed by the membrane polarizations, and that the conductance of ions caused by ES has intracellular effects on the neuron. Our work demonstrates a link between growth factor supplementation and ES. Future work will explore whether ES affects the growth factor receptor interaction, and whether ES has other intracellular effects that alter the cellular response to growth factors.
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